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ABSTRACT: The denatured states of a small globular protein, apo-neocarzinostatin (NCS), have been
characterized using several techniques. Structural properties were investigated by optical spectroscopy
techniques and small-angle neutron scattering (SANS), as a function of guanidinium chloride (GdmCl)
concentration. SANS experiments show that in heavy water, the protein keeps its native size at GdmCl
concentrations below 2.5 M. A sharp transition occurs at about 3.6 M GdmCl, and NCS behaves like an
excluded volume chain above 5 M. The same behavior is observed in deuterated buffer by fluorescence
and circular dichroism measurements. For the H2O buffer, the transition occurs with lower concentration
of denaturant, the shift being about 0.6 M. 8-Anilino-1-naphthalenesulfonate (ANS) was used as a
hydrophobic fluorescent probe for studying the early stages of protein unfolding. Protein denaturation
modifies the fluorescence intensity of ANS, a maximum of intensity being detected close to 2 M GdmCl
in hydrogenated buffer, which shows the existence of at least one intermediate state populated at the
beginning of the unfolding pathway. Differential scanning calorimetry (DSC) was used to obtain
thermodynamic values for NCS denaturation. The melting curves recorded between 20 and 90°C in the
presence of various GdmCl concentrations (0-3 M) cannot be explained by a simple two-state model.
Altogether, the data presented in this paper suggest that before unfolding the protein explores a distribution
of states which is centered around compact states at denaturant concentrations below 2 M in H2O, and
then shifts to less structured states by increasing denaturant concentrations.

Equilibrium studies of the unfolding of globular proteins
provide insight into various interactions governing the
stability of native structures and may provide clues as to the
folding pathway. For small single-domain proteins, unfolding
induced by chemical denaturants and temperature can gener-
ally be modeled, as a first approximation, by a two-state
mechanism involving the native and the unfolded state (1).
The native state is considered consisting of an ensemble of
molecules with a common fold and a unique three-
dimensional structure. The unfolded state is thought to be
more or less a random coil with little or no regular structure
(2, 3).

Traditionally, if the normalized transition curves for
experimental measurements characterizing secondary and
tertiary structures are nearly superimposable, a two-state
mechanism is assumed (4). However, this congruence cannot
be considered to be sufficient evidence to prove a two-state

model, especially if there is no specific probe to characterize
folding intermediates or if there is indeed a heterogeneous
population of intermediates (5, 6). Detailed muti-parametric
investigations of equilibrium folding are therefore required
to improve our understanding of protein folding.

Thermodynamic characterization of the transition is of
fundamental importance for understanding the mechanisms
involved in folding and in the interactions that stabilize the
native state (7). The combination of calorimetric measure-
ments and data obtained with structural probes, such as
circular dichroism or fluorescence, is a powerful approach
for studying protein folding (8-10). Such an approach makes
it possible to correlate thermodynamic and structural changes
and to detect and characterize possible intermediate states.

Evidence is steadily accumulating for the existence of
equilibrium and/or kinetic intermediates, even for small
proteins. Although studies have mostly focused on the molten
globule state (11-14), they have also raised new questions
concerning the denatured state. For example, what defines
the unfolded state, and what role do local interactions play
in protein folding? Local interactions in an unfolded polypep-
tide chain could guide the protein toward an intermediate
conformation, creating folding nuclei, thereby reducing the
search through conformational space (15-18). Identifying
the existence of folding initiation sites, as well as unfolded
or partly folded intermediates, is a difficult challenge. It
depends on the population of intermediate states which in
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turn depends on the equilibrium and kinetic properties of
the intermediates.

The structure of the native state can be determined
accurately by X-ray crystallography or nuclear magnetic
resonance in solution, but it is more difficult to describe the
denatured states. Structural information from scattering
techniques coupled with the results of polymer theory (19)
can provide a deep and clear understanding of the properties
of the unfolded states. Whereas NMR is useful to determine
residual structures in unfolded states (20, 21), scattering
techniques can provide simultaneous information about
molecular weight, size, shape, internal conformation of
flexible scatterers, and interactions existing between scat-
terers. Small-angle scattering of either neutrons or X-rays
(SANS or SAXS)1 has been successfully used to determine
the structural properties of various denatured states of
proteins (22-31). The structural information provided by
SAXS experiments has been used to characterize intermedi-
ates not only during the folding of proteins (32-35) but also
during the folding of other biomolecules such as RNA (36).

We further investigated protein folding using a model
protein, neocarzinostatin (NCS), the fold of which is
characteristic of a large protein family: the immunoglobulin
fold. Neocarzinostatin is a natural antibiotic chromoprotein
consisting of 117 amino acid residues and a labile chro-
mophore (37). The structure of apo-NCS essentially consists
of a seven-stranded antiparallelâ-barrel which forms a cavity
in which the chromophore binds to form the active complex.
It contains two disulfide bridges, between cysteinyl residues
37-47 and 88-93, which contribute to the high stability of
the protein.

Various complementary techniques were used in an
attempt to detect possible intermediate states and to describe
in detail the various states of the protein. In particular, we
used a fluorescent hydrophobic molecular probe, 8-anilino-
1-naphthalenesulfonate (ANS), and differential scanning
calorimetry (DSC) to detect compact intermediates. The
structural properties of the native state, the compact denatured
states, and the strongly unfolded states are described. Circular
dichroism and fluorescence spectroscopy were used to study
the variations of secondary and tertiary structures of NCS.
Small-angle neutron scattering was used to follow the
changes in size of the protein molecule and DSC to determine
the stability of the various intermediate states.

MATERIALS AND METHODS

Sample Preparation.Recombinant apo-NCS (mass)
11 079 g/mol) was expressed inEscherichia coliand purified
as previously described (38). All measurements were carried
out in 60 mM phosphate buffer, pH 7.0, in which the
electrostatic interactions were almost screened out as shown
by a series of SAXS experiments with various phosphate
concentrations. Buffers were prepared with both light and
heavy water (H2O and D2O) because neutron scattering
measurements were performed within D2O. The use of D2O
for neutron experiments increases the contrast between the

protein and the solvent, and minimizes incoherent scattering
from hydrogen atoms. Before each experiment, the purified
protein was extensively dialyzed against the appropriate
buffer. The chemical denaturant was guanidinium chloride
(GdmCl) which was deuterated as previously described (22).
Deuterated solutions of NCS were prepared with great care
to prevent contamination with hydrogen atoms. Each sample
was prepared at least 12 h before the experiment, to obtain
denatured states at equilibrium. The protein concentration
of the samples was determined from the absorbance at 280
nm, using an extinction coefficientε ) 1.2 cm2 mg-1.

Optical Spectroscopy Techniques.Tryptophan fluorescence
was excited by light at a wavelength of 295 nm, to maximize
the quantum efficiency. Emission spectra were recorded
between 300 and 400 nm at constant bandwidth (2 nm), using
an SLM 8000C fluorimeter (Aminco). The inner optical path
of the sample was 1 cm. Measurements were performed with
a wavelength increment of 0.2 nm and an integration time
of 0.2 s. The protein concentration was 10µM and the
temperature 12°C. All spectra were corrected for instrument
response and for the Raman scattering of the solvent.

ANS, a fluorescent hydrophobic probe, was used to
monitor the solvent exposure of the apolar residues in the
protein matrix. The concentration of ANS was 10 times larger
than that of the protein (10µM). The excitation wavelength
was 350 nm, and emission was recorded between 350 and
500 nm at constant bandwidth (2 nm). Data were corrected
for the solvent effect on the intrinsic ANS fluorescence
intensity by subtracting ANS fluorescence spectra in the
absence of protein, for each denaturant concentration. All
spectra were corrected for instrument response.

Circular dichroism in the far-ultraviolet range was deter-
mined with a Mark V dichrograph (Jobin Yvon, France).
CD spectra were recorded between 190 and 260 nm for the
native protein and between 210 and 240 nm for the protein
in GdmCl solutions, due to the strong absorbance of the
denaturant at shorter wavelengths. The optical path length
of the samples was 0.5 mm. The wavelength increment was
0.5 nm and the integration time 0.8 s. Ten measurements
were performed for each sample and averaged. The protein
concentration was 30µM and the temperature 12°C.

Circular dichroism and fluorescence were determined after
12 h of incubation at 12°C in various concentrations of
GdmCl solution. Ultrapure GdmCl was obtained from Pierce;
denaturant concentration was checked by refractometry, using
the relationship provided by Nozaki (39). Transition curves
were constructed by plotting either the variation in ellipticity
at 223 nm or the wavelength of maximum fluorescence
emission as a function of denaturant concentration.

Thermodynamic analysis was performed using the model
of the linear dependence of the free energy change,∆G, on
denaturant concentration,x, as described by Pace (40):

Assuming that the linear dependence of the free energy
change on denaturant concentration observed in the transition
region can be extrapolated to zero denaturant concentration,
∆G0 represents the standard variation of free energy in the
absence of denaturant andm a constant proportional to the
increase in the degree of exposure of the protein to the
solvent on denaturation. Analysis of the data was performed

1 Abbreviations: ANS, 8-anilino-1-naphthalenesulfonate; CD, cir-
cular dichroism; DSC, differential scanning calorimetry; GdmCl,
guanidinium chloride; NCS, apo-neocarzinostatin;Rg, radius of gyration;
SANS, small-angle neutron scattering; SAXS, small-angle X-ray
scattering; UV, ultraviolet.

∆G(x) ) ∆G0 - mx (1)
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using an equation derived from eq 1, taking into account
the baselines and the transition region:

wherey(x) is the experimental signal in the presence ofx
molar GdmCl andyn is the signal of the native form.sn and
sd are the solvent effects on the native and denatured protein
signal, respectively, andA is the amplitude of the transition.
Equation 2 was fitted to the experimental data using a
simplex procedure based on the Nelder & Mead algorithm
(41). Standard errors were calculated for a 95% confidence
level.

Small-Angle Neutron Scattering.The SANS experiments
were carried out at Laboratoire Le´on Brillouin with the
PACE spectrometer. This apparatus is equipped with 30
concentric annular detectors and a central circular detector
measuring the scattered and transmitted beam intensities,
respectively. For most experiments, the incident neutrons had
a wavelengthλ ) 0.8 nm, and the sample to detector
distance,d, was 2.4 m. These conditions yield momentum
transfers of 0.2-1.0 nm-1. The momentum transfer is defined
asq ) (4π/λ) sin (θ/2), whereθ is the scattering angle. A
different set of conditions (λ ) 0.4 nm,d )1.3 m) was also
used for native and fully unfolded proteins to obtain
scattering curves up to a momentum transfer of 3.6 nm-1.

All the samples were contained in fused-silica cells with
an inner path length of 5 mm. Each measurement took about
6 h. Sample scattering spectra were corrected for solvent
scattering and for the nonuniformity of the detector response
by normalization to the incoherent scattering for a water
sample in a cell of 1.0 mm path length. Finally, a constant
was subtracted from the spectra to correct for incoherent
scattering due to the nonexchangeable hydrogen atoms (H)
of the protein. Absolute calibration was achieved by measur-
ing the intensity of the neutron beam with the detectors used
to record the scattering spectra. The experiments were carried
out at 15°C in D2O solutions with a NCS concentration of
5 mg cm-3.

The coherent scattering spectrum,I(q,c), of a solution
depends on the solute concentrationc. The following
approximation, which is only valid for small values ofq,
may describe this relationship:

In this equation,NA is Avogadro’s number andM is the molar
mass (g/mol) of the solute.K is the mean relative contrast
of the molecule to the solvent defined as

where Fp and Fs are the mean neutron scattering-length
densities (cm-2) of the scatterers and solvent, respectively.
V is the specific volume (cm3 g-1), and Vp is the partial
specific volume (cm3 g-1) of the solute.

Finally, P(q) is the structure factor of a single molecule.
It is defined such asP(0) ) 1 and is proportional to the

scattering spectrum the molecule would give at infinite
dilution. All the coefficientsAi and Bi are related to the
potential of the interactions betweeni molecules. The
coefficientsAi are theith virial coefficients of the solution,
and the Bi depend on the correlation distance of the
interactions (42). These interactions depend on the molecules
themselves and on the properties of the solvent. The values
of Ai andBi can be determined from measurements carried
out at various protein concentrations. The coefficientsBi are
not necessarily identical to the virial coefficientsAi, as can
be inferred from the Zimm approximation (43).

For compact scatterers, such as globular proteins, the
apparent value of the radius of gyration,Rg(c), may be
inferred from the spectra using the Guinier approximation
(44):

For almost spherical particles, this approximation remains
valid up to qRg(c) ≈ 1.3. We used this relationship to
determine the apparent value of the radius of gyration of
native and nativelike conformations of NCS. For an unfolded
chain, the scattering spectrum is much better described by
the Debye function (45, 46):

wherex ) [qRg(c)]2. This expression holds for [qRg(c)] e 3
(46). For solutions containing several different populations
(native, denatured, and possibly intermediate), we have
shown (42) that the Debye function gives more realistic
values than the Guinier approximation for the apparent radius
of gyration, provided thatq e 1.4/Rg(c).

It is often necessary to correct the apparent values of
forward scattered intensity,I(0,c), and radius of gyration,
Rg(c), for the concentration effect. This can be done by
performing measurements at various solute concentrations,
c, and extrapolating the data toc ) 0. According to eq 3,
the forward scattered intensity is given by

and the apparent radius of gyration by

Differential Scanning Calorimetry.DSC experiments were
carried out using a MC2 calorimeter (MicroCal, USA). The
cell volume was 1.22 cm3. Protein samples (1 mg cm-3) were
studied for a temperature range of 15-90 °C and GdmCl
concentrations up to 5 M, equilibrated in either H2O or D2O.
Scans were performed with two different heating rates (0.5
and 1 K min-1) to check that measurements were not
significantly affected by the unfolding kinetics. Samples were
extensively dialyzed against the denaturing buffer, and both
buffer and samples were thoroughly degassed before mea-
surement. The dialysis buffer was used as a reference for
measurements. We assessed the reversibility of NCS unfold-
ing, using H2O buffers at various pH values and in the

I(q,c) = I(0,c) exp{-
[q2Rg

2(c)]

3 } (4)

I(q,c)

I(0,c)
)

2(x - 1 + e-x)

x2
(5)

I(0,c) = I(0,0)(1+ 2A2Mc + 3A3Mc2 + ‚‚‚)-1 (6)

Rg
2(c) = Rg

2(0)(1 + 2B2Mc + 3B3Mc2 + ‚‚‚)-1 (7)

y(x) ) yn + snx ) { e(∆G0-mx)/RT

1 + e(∆G0-mx)/RT}[A + (sd - sn)x] (2)

cMK2

NAIcoh(q,c)
=

1 + 2A2Mc + 3A3Mc2 + ...

1 + 2B2Mc + 3B3Mc2 + ...[ 1
P(q)

+

2B2Mc + 3B3Mc2 + ...] (3)

K ) FpV - FsVp
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presence of GdmCl, by rescanning a denatured sample after
cooling at 15°C for 0.5 h.

The heat capacity of the solvent alone was subtracted from
that of the protein sample. These corrected data were
analyzed using a cubic spline as the baseline in the transition.
Thermodynamic parameters,∆Hcal and ∆HvH, were deter-
mined by fitting the following equation to the data:

whereKD is the equilibrium constant for a two-state process.
∆Hcal is the measured enthalpy, corresponding to

and∆HvH is the enthalpy calculated on the basis of a two-
state process. If the measured transition corresponds to a two-
state process, the values of the two enthalpies,∆Hcal and
∆HvH, are equal. Values for the∆Hcal/∆HvH ratio other than
1 imply the presence of intermediates or a multimolecular
process (47).

RESULTS AND DISCUSSION

Equilibrium Transition Induced by GdmCl. (A) Fluores-
cence and Circular Dichroism.NCS denaturation was studied
as a function of GdmCl concentration in both H2O and D2O
to assess the influence of isotopic exchange on protein
unfolding (48) and to make possible direct comparison of
the fluorescence and CD results with those of the SANS
experiments carried out in only D2O.

Figure 1 shows the wavelength,λmax, corresponding to the
maximum fluorescence intensity of NCS in H2O and D2O
as a function of denaturant concentration. Upon unfolding,
the emission maximum of tryptophan shifts from 343 to 349
nm. Based on the structure of native NCS (37), the high value
of the fluorescence wavelength of the native protein is due
to the high level of exposure of the two tryptophans to the
solvent. In H2O, the transition occurs between 2 and 4 M

GdmCl, with a midpoint transition,CM, of 2.85 M. In D2O
buffer, the protein is more stable, the transition being shifted
to higher denaturant concentrations and more cooperative.
The protein remains nativelike up to 3 M GdmCl and unfolds
between 3 and 4 M GdmCl with aCM of 3.40 M. In both
buffers, the protein lost its tertiary structure at 4 M GdmCl,
leading to the complete exposure of the two tryptophan
residues to the solvent.

The unfolding transition observed by fluorescence may
be described as a two-state process. In this approximation,
the calculated Gibbs free energy of unfolding,∆G0, and the
proportionality constant,m, in eq 1 are 9.9( 0.5 kcal mol-1

and 3.5( 0.4 kcal mol-1 M-1 in H2O and 11.7( 0.5 kcal
mol-1 and 3.4( 0.1 kcal mol-1 M-1 in D2O, respectively.

The far-UV CD spectrum of NCS is unusual for a
predominantlyâ-sheet protein (Figure 2). The spectrum of
the native state displays two clear maxima. The first occurs
between 190 and 205 nm and is typical of aâ structure.
The second, between 210 and 230 nm, may result from
constraints in the polypeptide backbone, such as bent folds
and turns (49-51). The presence of disulfide bridges
connecting cysteine residues located very close together, at
positions 37-47 and 88-93, may account for such a signal
reported as “not typical” secondary structures (38).

The absorbance of GdmCl makes it impossible to follow
the CD signal in the 195 nm region. We therefore studied
the variation of circular dichroism at 223 nm as a function
of denaturant concentration (Figure 3). Previous studies have
shown that transitions induced by temperature and monitored
at 195 and 223 nm give the same results (data not shown).
It is therefore reasonable to assume that the data reported in
Figure 3 provide reliable information about the breakdown
of secondary structure during the unfolding process. In the
H2O buffer, NCS retains a nativelike conformation for
concentrations of GdmCl up to 2 M and completely lost its
secondary structure at 3.3 M GdmCl. The concentration of
denaturant at mid-transition isCM ) 2.8 M. For the D2O
buffer, the transition is shifted toward higher denaturant
concentrations, withCM ) 3.4 M GdmCl. In both buffers, a
single transition was observed. In the approximation of a
two-state transition, the Gibbs free energy of unfolding,∆G0,
and them values were found to be∆G0 ) 7.2 ( 0.7 kcal

FIGURE 1: Unfolding transition curve at 12°C, assessed by the
variation of the position of the maximum of fluorescence intensity
(excitation at 295 nm) as a function of denaturant concentration.
Fluorescence spectra corrected for instrument response were
recorded between 310 and 450 nm at constant bandwidth (2 nm)
after 12 h of incubation of 10µM NCS at 12 °C in various
denaturant concentrations in 60 mM phosphate buffer, pH 7.0, either
in H2O (b) or in D2O (9). The continuous line represents the best
fit of the data according to a two-state transition using eq 2.

∆Cp(T) )
KD(T)∆Hcal∆HvH

[1 + KD(T)]2RT2
(8)

∆Hcal ) ∫TI

TFCp(T) dT (9)

FIGURE 2: Far-UV CD spectrum of native NCS in H2O. The
spectrum of a 30µM sample, in 60 mM phosphate buffer, pH 7.0,
was recorded at 12°C from 190 to 260 nm and subtracted from
the buffer baseline. The optical path length of the cell was 0.5 mm.
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mol-1 andm ) 2.5 ( 0.2 mol-1 M-1 for NCS in H2O and
∆G0 ) 7.8 ( 0.7 kcal mol-1 andm ) 2.3 ( 0.2 kcal mol-1

M-1 in D2O.
Both CD and fluorescence signals give rise to symmetric

transition curves that may be analyzed as a two-state
transition, but slight differences are observed in the param-
eters describing these transitions, suggesting that the dena-
turation process may involve intermediates.

We observe an apparent enhancement of the protein
stability in D2O. While this effect has been described for
many other proteins (52-54), the exact nature of this
enhancement of stability is not known. Makhatadze et al.
(55) propose that the change in enthalpy of unfolding due
to water isotopic substitution can be rationalized by changes
in hydration of the buried nonpolar groups. However, other
studies suggest that polar surface exposition as well as
hydrogen bonds should also be considered in order to
understand the solvent isotope effect on enthalpy (56, 57).
A global analysis of the thermal and chemical denaturation
would give further information on the factors contributing
to the enhancement of stability of NCS, but the deviation
from a two-state process prevents such an analysis.

(B) Neutron Scattering. (i) Equilibrium Transition.In
protein unfolding processes, at least two species, the native
and fully unfolded proteins, are present simultaneously in
the solution. For a very dilute solution containingn different
species, the measured mean radius of gyration,Rg(0), is given
by

where fi and Rg,i(0) are the proportion and the radius of
gyration of speciesi, respectively.

In practice, the radius of gyration of the solution was
measured at a finite protein concentration,c. Figure 4 shows
the squared equilibrium value of the apparent radius of
gyration Rg(c) of NCS (c ) 5 mg cm-3) as a function of
GdmCl concentration. In the figure is also shown the
dependency of theI(0,c)/c value on GdmCl concentration.
The theoretical values ofI(0,c)/c can be computed from eq

3 for q ) 0, using a value of 0.72 cm3 g-1 for Vp derived
following the approach of Kharakoz (58) and taking into
account the dependency of the contrastK and the virial
coefficientA2 values on GdmCl concentration. The calculated
value forc ) 5 mg cm-3 is nearly constant for the various
denaturant concentrations and close to 10 cm2 g-1 sr-1. The
good agreement of theoretical and experimental values of
I(0,c)/c rules out any aggregation process. This is also
underlined by the excellent agreement, even at the smallest
q values, which was observed between the experimental
scattering curves and their fits by the appropriate equation
(eqs 4 and 5).

Forc ) 5 mg cm-3, the native NCS has an apparent radius
of gyration of 1.25( 0.02 nm. The size of the protein
remains similar to that of the native protein up to a
concentration of 3 M GdmCl, beyond which it begins to
increase significantly. At 5 M GdmCl and above, NCS is
completely unfolded, and its scattering spectrum (Figure 5)
is similar to that of a chain with excluded volume interac-
tions, as explained in Russo et al. (59). Its apparent radius
of gyration is Rg(c) ) 3.06 ( 0.06 nm. The transition
midpoint is atCM ) 3.6 M, and the denaturation curve may

FIGURE 3: Unfolding transition curve at 12°C, assessed by the
variation of the ellipticity at 223 nm as a function of denaturant
concentration. CD spectra were recorded between 210 and 240 nm
after 12 h of incubation of 30µM NCS at 12 °C in various
denaturant concentrations in 60 mM phosphate buffer, pH 7.0, either
in H2O (b) or in D2O (9). The continuous line represents the best
fit of the data according to a two-state transition using eq 2.

Rg
2(0) ) ∑

i)1

n

fiRg,i
2 (0) (10)

FIGURE 4: Unfolding transition curve assessed by the variation of
the square of the apparent radius of gyration,Rg(c) (b), as a function
of denaturant concentration (left scale). The continuous line
represents the best fit of the data according to a two-state transition
using eq 2. The experiments were carried out at 15°C in D2O, 60
mM phosphate buffer, pD 7.0, with an NCS concentration of 5 mg
cm-3 incubated for 12 h in the various denaturant concentrations.
The experimental valuesI(0,c ) 5 mg cm-3) are reported on the
right scale (9).

FIGURE 5: Kratky plot q2I(q,c)/I(0,c) vs q of NCS in the native
(9) and fully unfolded state in 5 M GdmCl (O) (protein concentra-
tion: 20 mg cm-3). The scattering profile of the native protein is
bell-shaped, characteristic of a globular object, whereas it displays
a nearly flat shape in the unfolded state.
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be described as a simple two-state transition with∆G0 )
7.5 ( 0.2 kcal mol-1 andm ) 2.0 ( 0.1 kcal mol-1 M-1.
However, these results are slightly biased by concentration
effects, because the measured value of the radius of gyration
depends on concentration if the interactions between particles
are not negligible. To evaluate the effect of protein concen-
tration on the shape of the transition curve for the radius of
gyration, we studied interactions between NCS molecules
in the native and unfolded states.

(ii) Protein-Protein Interactions.SANS experiments were
carried out as a function of protein concentration for both
the native state and the completely unfolded state obtained
in 5 M GdmCl. The values of the actual radius of gyration,
Rg(0), and the second virial coefficient,A2, were inferred
from the data using eqs 7 and 6, respectively.

For the native NCS, we obtainedA2 ) (2.7( 0.1)× 10-4

cm3 mol g-2 andRg(0) ) 1.29 ( 0.03 nm. This value for
the radius of gyration is consistent with that calculated from
the atomic coordinates using the program CRYSON (60).
The second virial coefficient,A2, is related to intermolecular
forces consisting mainly of hard-core, repulsive electrostatic,
and attractive van der Waals interactions. It is useful to
compare the experimental value ofA2 with the value obtained
with a simple hard sphere potential. For neutral molecules,
the second virial coefficient is related to the radius of gyration
by the expression:

where ψ depends on the nature of the solute. For hard
spheres,ψ ) 1.619. Substituting the experimental value of
Rg(0) into eq 11 givesA2 ) (4 ( 0.3)× 10-4 cm3 mol g-2,
close to the experimental value. Thus, in 60 mM phosphate
D2O buffer, the repulsive Coulombic interactions compensate
for the attractive van der Waal interactions.

The protein in a solution containing 5 M GdmCl has a
second virial coefficientA2 ) (6 ( 0.9) × 10-4 cm3 mol
g-2, and the radius of gyration of the unfolded protein is
Rg(0) ) 3.3 ( 0.1 nm. Equation 11 is valid for linear
molecules, such as synthetic polymers and unfolded proteins.
ψ varies with the length and stiffness of the chain and with
the strength of excluded volume interactions (61). In
particular,ψ ) 0 for an ideal chain. If there are excluded
volume interactions,ψ is positive. Its value is close to 0.23
for a flexible chain of infinite length. With the experimental
values of A2 and Rg(0), eq 11 givesψ ) 0.16 ( 0.06,
consistent with the value expected for a relatively short
excluded volume chain (61). This implies that unfolded NCS
molecules interact preferentially with the solvent, rather than
with itself, or with other protein molecules. The unfolded
protein molecules are therefore completely solvated.

In conclusion, the difference betweenRg(0) andRg(5 mg
cm-3) is very small in the native state and less than 7-8%
in the unfolded state. We can therefore assume that the
variation of the radius of gyration measured atc ) 5 mg
cm-3 as a function of GdmCl concentration is not signifi-
cantly different from that of the actual radius.

ANS Binding Experiments.Figure 6 shows the effect of
GdmCl concentration on the ANS fluorescence intensity at
475 nm. This experiment was carried out in H2O. The native
and completely denatured protein interacts weakly with ANS
whereas a large increase of intensity is observed between 1

and 3 M GdmCl with a maximum close to 2 M. This reflects
changes in the ANS environment. If the protein is native,
the fluorescent probe is in a polar environment, and its
quantum efficiency is low. If the protein is sufficiently
destabilized by the denaturant, internal interactions become
weaker, enabling ANS to enter the protein matrix and come
into contact with the hydrophobic residues. At high denatur-
ant concentrations, the secondary and tertiary structures are
completely destroyed, as indicated in Figures 1 and 3, and
all the hydrophobic residues are exposed to the solvent. In
this case, ANS remains in a polar environment, and its
fluorescence decreases. This behavior is typical of proteins
with an unfolding pathway more complex than a simple two-
state transition for which ANS is always exposed to the
solvent. This change in fluorescence intensity indicates that
relatively compact intermediate states are present in mildly
denaturing conditions and are populated at the beginning of
the unfolding pathway.

DSC Experiments.DSC melting curves were recorded for
NCS in various H2O buffer conditions. Without denaturant,
pH and ionic strength were changed such that the heat
capacity of unfolding could be estimated in various condi-
tions. For pH values between 5.0 and 7.0 (data not shown),
the thermal denaturation of NCS was highly reversible. Thus,
for temperatures ranging from 20 to 90°C, the first and the
second calorimetric recordings were similar in shape, with
95% recovery of the denaturation enthalpy. No dependence
of melting temperature on protein concentration (1e c e 5
mg cm-3) or heating rate was observed.

At pH 7.0, the midrange temperature of the transition is
TM ) 68.6( 0.1 °C. Using a two-state model, the enthalpy
was estimated to be about 106 kcal mol-1. However, a better
fit was obtained if the calorimetric enthalpy,∆Hcal, and the
van’t Hoff enthalpy,∆HvH, were not assumed to be equal.
In this case,∆Hcal ) 97.3 kcal mol-1 and∆HvH = 115 kcal
mol-1. This is consistent with the hypothesis that the
unfolding transition is not a two-state process, but instead
involves intermediates. However, as the reversibility of the
transition was only 95%, some aggregation may account for
the slight deviation in the value of the∆HvH/∆Hcal ratio from
unity.

FIGURE 6: Effect of GdmCl concentration on ANS fluorescence
intensity at 475 nm (excitation at 350 nm) in the presence of 10
µM NCS, in 60 mM phosphate buffer, pH 7.0, H2O. Spectra were
acquired at a constant bandwidth (2 nm) and corrected for
instrument response. Data were corrected for the solvent effect on
the intrinsic ANS fluorescence intensity.

A2 ) Ψ4π3/2NARg
3(0) M-2 (11)

Denatured States Distribution of Neocarzinostatin Biochemistry, Vol. 40, No. 13, 20013963



DSC measurements were also carried out for the various
states of NCS, for GdmCl concentrations of 1, 2, and 3 M,
i.e, in the same concentration range as for ANS binding
experiments.

As expected, protein stability is reduced by the presence
of GdmCl (Figure 7). The amplitude and temperature of the
maximum of the heat capacity peak decrease with increasing
concentrations of denaturant. In addition to this overall
destabilization, the peak became clearly asymmetric at
denaturant concentrations beyond 1 M (Table 1). Full
reversibility was observed, excluding the possibility that this
phenomenon was due to aggregation (62). These results
indicate that intermediate states are present in the range of
the denaturant concentrations used and are consistent with
the results of ANS fluorescence measurements showing that
the interior of the protein becomes more accessible to the
solvent as the GdmCl concentration increases.

The thermal transitions cannot be analyzed using a two-
state model. At least two transitions, of non-two-state model,
are required to account for the results obtained at concentra-
tions of 2 and 3 M GdmCl. The thermodynamic parameters
describing these transitions are given in Table 1.

These observations may be accounted for either by the
presence in the solution of a single intermediate species with
structural properties changing almost continuously with
temperature or by the presence of two or more different
intermediate species in thermodynamic equilibrium.

We also carried out a similar experiment in heavy water,
with 0, 2, and 3 M GdmCl in D2O. Complete reversibility

was observed at pD) 7.0. Unlike that in the H2O solution,
the melting curve obtained in the D2O solution in the absence
of GdmCl at pD) 7.0 cannot be approximated by a simple
two-state model and needs the two distinct values for∆Hcal

and ∆HvH to be correctly fitted. The following results are
obtained:TM ) 71.8°C, ∆Hcal ) 97.8 kcal mol-1, and∆HvH

= 120 kcal mol-1. In the presence of various denaturant
concentrations, a similar analysis to that performed for data
obtained in H2O buffer was carried out (Table 1). This
analysis suggests that the intermediates have the same
characteristics as those in H2O. We also checked that two
consecutive recordings made with 2 M GdmCl in D2O had
similar profiles.

Finally the melting curve of a sample containing 5 M
GdmCl was also recorded to check that the protein was
completely unfolded at this denaturant concentration. Heat
capacity showed no transition peak as a function of temper-
ature.

CONCLUSION

To a first approximation, each of the transition curves,
obtained by fluorescence, circular dichroism, or small-angle
scattering measurements, may apparently be described by a
two-state process involving only a folded and an unfolded
state. However, this approximation gives different values of
the Gibbs free energy of unfolding, depending on the probe
used. This indicates that the two-state model cannot describe
the entire unfolding process of NCS. Thus, although each
transition curve has a sigmoid shape similar to that of a two-
state transition, it probably corresponds to an average of two
or more successive transitions, or to an almost continuous
unfolding phenomenon. Further evidence supporting this
notion was provided by ANS binding experiments: between
1 and 3 M GdmCl, there is at least one intermediate state
that binds ANS, this or these intermediates being mainly
populated close to 2M GdmCl.

Although ANS binding experiments and SANS measure-
ments were performed in different solvents, they provide
information about the degree of compactness of these
intermediates. In comparison with experiments performed
in H2O, the transition in D2O is shifted by about 0.6 M to a
higher denaturant concentration (Figures 1 and 3). Taking
into account this shift, SANS data imply that at a denaturant
concentration of 1.9 M in H2O, the value of the apparent
radius of gyrationRg is close to that of the native one (Figure
4). Thus, ANS binds to an intermediate state that has
structural characteristics close to those of the native state:
it is compact, with a native secondary structure but with a
slightly different tertiary structure because the hydrophobic
regions are accessible to the ANS probe.

This feature is typical of a molten globule state, but the
information obtained is insufficient to determine whether a
distribution of intermediate states or a well-defined molten
globule is present in the sample in this range of GdmCl
concentrations. Consequently, complementary experiments
were required.

We therefore performed differential scanning calorimetry
experiments. As expected, for GdmCl concentrations between
1 and 3 M, the DSC recordings do not correspond to a two-
state transition, indicating that at least one intermediate
species is present in these denaturing conditions. Subsequent

FIGURE 7: Corrected partial molar excess heat capacity of a 3 mg
cm-3 NCS solution in 60 mM phosphate buffer, pH 7.0, H2O, for
various GdmCl concentrations (scan rate 1 K min-1).

Table 1: Thermodynamic Parameters of Heat Denaturation of
Apo-NCS in H2O and D2O, in the Presence of Various
Concentrations of GdmCla

sample
Tm1

(°C)

∆Hcal1

(kcal
mol-1)

∆HvH1

(kcal
mol-1)

Tm2

(°C)

∆Hcal2

(kcal
mol-1)

∆HvH2

(kcal
mol-1)

0 M/H2O 68.6 97 115
1 M/H2O 58.3 86 99
2 M/H2O 49.3 32 76 54 37 120
3 M/H2O 39.4 10 90 43 6 140
0 M/D2O 71.8 98 119
2 M/D2O 49.2 30 102 53 22 140
3 M/D2O 39.8 15 85 44 15 125

aAnalyses were performed taking into account either one non-two-
state transition (∆Hcal1 and ∆HvH1) or two non-two-state transitions
(∆Hcal1 and ∆HvH1, ∆Hcal2 and ∆HvH2). ∆Hcal, calorimetric enthalpy;
∆HvH, van’t Hoff enthalpy.
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analysis of these melting curves clearly showed that even a
three-state transition could not describe the denaturation
process. Therefore, more than one intermediate state is
required to account for these results. This is consistent with
the hierarchical cooperative model proposed by Griko to
account for the denaturation process ofR-lactalbumin (63).
In this model, the denatured state is represented as a
distribution of substates with various degrees of residual
structures. This distribution accounts for the difficulty
encountered in trying to identify a unique intermediate state,
and the absence of a well-defined population of this
intermediate.

The observed intermediate states probably correspond
merely to a distribution of states which is, at the lowest
denaturant concentrations, centered around compact states
with significant residual structure. At high denaturant
concentrations, this distribution shifts to less structured states
until it reaches the excluded volume conformation of the
strongly unfolded states. As unfolding conditions increase,
NCS protein gradually and continuously changes its structure
until the hydrophobic interactions are completely destabi-
lized, destroying theâ-barrel structure in a cooperative
manner. Then, the unfolding process continues until the
excluded volume conformation is reached.

Previous studies have suggested that the various proteins
sharing the immunoglobulin-like fold also share common
features in their folding process (64). This could suggest that
the intermediates observed in these studies are specific to
the immunoglobulin-like fold. However, as observed for
other immunoglobulin-like proteins such as the fibronectin
type III module (65), similar folding pathways do not imply
that the same intermediates are present, since homologous
proteins can display either two- or three-state transitions. This
may be due to the nature of the distribution of intermediates
states, the properties of the distribution differing from one
protein to another.
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